
Valparaiso, Chile  May 19-20, 2011 

c

    

Novel Features of QCD Phenomenology at High X

c

c̄

P+ = P0 + Pz

Fixed ⌅ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

⇧(⇤, b�)

⇥ = d�s(Q2)
d lnQ2 < 0

u

p

Q

Q

p

Stony Brook 
October 17, 2018

10/16/2018 CFNS workshop on Forward Physics And Instrumentation From Colliders To Cosmic Rays (17-19 October 2018) · Indico

https://indico.bnl.gov/event/4737/ 1/2

6
Starts 17 Oct 2018, 00:30
Ends 19 Oct 2018, 18:30
US/Eastern

4
Charles B. Wang Center
Lecture Hall 1

Stony Brook University

c
Abhay Deshpande
Christophe Royon
J.H. Lee
Joanna Kiryluk
Nils Feege
Takashi Sako
Yuji Goto
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Scattering At Zero Degrees” held at the Nagoya University in Fall 2015 and 2017. This year, it aims at
covering all aspects of forward physics and detector aspects at the LHC, at RHIC, and at the future EIC,
benefiting from the experience gained at HERA and the Tevatron, as well as cosmic rays and neutrinos.
The spirit of this meeting is to favor fruitful and informal discussions between experimentalists and
theorists. Lots of time is devoted to discussion of new results, hot topics, and exciting open problems in
forward physics from colliders to cosmic rays.

The meeting will be held at the Wang Center Lecture Hall 1 about 2 minutes walk from the Hilton Garden
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Vast array of novel physics studies possible at  high x 

n Heavy Quark Phenomena: Intrinsic + Extrinsic 
n High-x Gluon Distributions 
n Exotic Heavy Quark Spectroscopy 
n Higher Fock States of Proton and Nuclei 
n Strangeness Asymmetry 
n Novel Drell-Yan Studies 
n Nuclear and Heavy Ion Effects: Ridge, baryon to meson 
n Ultra-Peripheral Collisions 
n Single-Spin Asymmetries 
n Many Advantages of Fixed Target at LHC (AFTER and 

SMOG@LHCb)
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Eigenstate of LF Hamiltonian :  
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LFWFs: Boost Invariant
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General remarks about orbital angular mo-
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Light-Front Wavefunctions:  rigorous representation of 
composite systems in quantum field theory
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Causal, Frame-independent.  Creation Operators on Simple Vacuum, 
Current Matrix Elements are Overlaps of LFWFS
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• Light Front Wavefunctions:                                   

+ Factorization-Breaking Lensing Corrections: Sivers, T-odd 
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 Stan Brodsky
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Fixed LF time
Higher Fock States of the Proton

Wavefunction at fixed LF time:  Off-Shell in Invariant Mass

Eigenstate of LF Hamiltonian : all Fock states contribute
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! E866/NuSea (Drell-Yan)

Intrinsic sea quarks

d̄(x) �= ū(x)

Interactions of quarks at same
rapidity in 5-quark Fock state



• Non-symmetric strange and antistrange sea? 

• Non-perturbative physics
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Measure strangeness distribution  
in Semi-Inclusive DIS at JLab

Is s(x) = s̄(x)?

Tag struck quark flavor in semi-inclusive DIS ep! e0K+X

B. Q. Ma, sjb
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Figure 2: Comparison of the HERMES x(s(x) + s̄(x)) data with the
calculations based on the BHPS model. The solid and dashed curves
are obtained by evolving the BHPS result to Q2 = 2.5 GeV2 using
µ = 0.5 GeV and µ = 0.3 GeV, respectively. The normalizations of
the calculations are adjusted to fit the data at x > 0.1 with statistical
errors only, denoted by solid circles.

their measurement of charged kaon production in SIDIS re-
action [6]. The HERMES data, shown in Fig. 2, exhibits
an intriguing feature. A rapid fall-off of the strange sea
is observed as x increases up to x ∼ 0.1, above which the
data become relatively independent of x. The data suggest
the presence of two different components of the strange
sea, one of which dominates at small x (x < 0.1) and the
other at larger x (x > 0.1). This feature is consistent
with the expectation that the strange-quark sea consists
of both the intrinsic and the extrinsic components hav-
ing dominant contributions at large and small x regions,
respectively. In Fig. 2 we compare the data with calcula-
tions using the BHPS model with ms = 0.5 GeV/c2. The
solid and dashed curves are results of the BHPS model
calculations evolved to Q2 = 2.5 GeV2 using µ = 0.5 GeV
and µ = 0.3 GeV, respectively. The normalizations are
obtained by fitting only data with x > 0.1 (solid circles in
Fig. 2), following the assumption that the extrinsic sea has
negligible contribution relative to the intrinsic sea in the
valence region. Figure 2 shows that the fits to the data are
quite adequate, allowing the extraction of the probability
of the |uudss̄⟩ state as

Pss̄
5 = 0.024 (µ = 0.5 GeV);

Pss̄
5 = 0.029 (µ = 0.3 GeV). (4)

We consider next the quantity ū(x) + d̄(x) − s(x) −
s̄(x). Combining the HERMES data on x(s(x)+s̄(x)) with
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Figure 3: Comparison of the x(d̄(x)+ū(x)−s(x)−s̄(x)) data with the
calculations based on the BHPS model. The values of x(s(x)+ s̄(x))
are from the HERMES experiment [6], and those of x(d̄(x) + ū(x))
are obtained from the PDF set CTEQ6.6 [11]. The solid and dashed
curves are obtained by evolving the BHPS result to Q2 = 2.5 GeV2

using µ = 0.5 GeV and µ = 0.3 GeV, respectively. The normalization
of the calculations are adjusted to fit the data.

the x(d̄(x)+ ū(x)) distributions determined by the CTEQ
group (CTEQ6.6) [11], the quantity x(ū(x)+ d̄(x)−s(x)−
s̄(x)) can be obtained and is shown in Fig. 3. This ap-
proach for determining x(ū(x)+ d̄(x)−s(x)− s̄(x)) is iden-
tical to that used by Chen, Cao, and Signal in their recent
study of strange quark sea in the meson-cloud model [12].

An important property of ū + d̄ − s − s̄ is that the
contribution from the extrinsic sea vanishes, just like the
case for d̄− ū. Therefore, this quantity is only sensitive to
the intrinsic sea and can be compared with the calculation
of the intrinsic sea in the BHPS model. We have

ū(x) + d̄(x) − s(x)− s̄(x) =

Puū(xū) + P dd̄(xd̄)− 2P ss̄(xs̄). (5)

We can now compare the x(ū(x) + d̄(x) − s(x) − s̄(x))
data with the calculation using the BHPS model. Since
ū+ d̄−s− s̄ is a flavor non-singlet quantity, we can readily
evolve the BHPS prediction to Q2 = 2.5 GeV2 using µ =
0.5 GeV and the result is shown as the solid curve in Fig. 3.
It is interesting to note that a better fit to the data can
again be obtained with µ = 0.3 GeV, shown as the dashed
curve in Fig. 3.

From the comparison between the data and the BHPS
calculations shown in Figs. 1-3, we can determine the prob-
abilities for the |uuduū⟩, |uuddd̄⟩, and |uudss̄⟩ configura-
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the x(d̄(x)+ ū(x)) distributions determined by the CTEQ
group (CTEQ6.6) [11], the quantity x(ū(x)+ d̄(x)−s(x)−
s̄(x)) can be obtained and is shown in Fig. 3. This ap-
proach for determining x(ū(x)+ d̄(x)−s(x)− s̄(x)) is iden-
tical to that used by Chen, Cao, and Signal in their recent
study of strange quark sea in the meson-cloud model [12].

An important property of ū + d̄ − s − s̄ is that the
contribution from the extrinsic sea vanishes, just like the
case for d̄− ū. Therefore, this quantity is only sensitive to
the intrinsic sea and can be compared with the calculation
of the intrinsic sea in the BHPS model. We have

ū(x) + d̄(x) − s(x)− s̄(x) =

Puū(xū) + P dd̄(xd̄)− 2P ss̄(xs̄). (5)

We can now compare the x(ū(x) + d̄(x) − s(x) − s̄(x))
data with the calculation using the BHPS model. Since
ū+ d̄−s− s̄ is a flavor non-singlet quantity, we can readily
evolve the BHPS prediction to Q2 = 2.5 GeV2 using µ =
0.5 GeV and the result is shown as the solid curve in Fig. 3.
It is interesting to note that a better fit to the data can
again be obtained with µ = 0.3 GeV, shown as the dashed
curve in Fig. 3.

From the comparison between the data and the BHPS
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Intrinsic 
strangeness!

HERMES: Two components to s(x,Q2)!

s(x, Q2) = s(x, Q2)extrinsic + s(x, Q2)intrinsic

arXiv:1105.2381

Extrinsic (DGLAP)  
strangeness!

Consistent with 
intrinsic charm 

data

QCD: 1
M2

Q
scaling

BHPS: Hoyer, Sakai, 
Peterson, sjb

Sensitive to  
Fragmentation Function



Do heavy quarks exist in the proton at high x?

Conventional wisdom:
gluon splitting

Heavy quarks generated only at low x 
via DGLAP evolution 
from gluon splitting

Conventional wisdom is wrong even in QED!

s(x, µ2
F ) = c(x, µ2

F ) = b(x, µ2
F ) ⌘ 0

at starting scale Q2
0 = µ2

F

Maximally off-shell  -  requires low x, high W2 

g Q

Q



p p

Probability (QED) � 1
M4

�

Probability (QCD) � 1
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Proton Self Energy  
Intrinsic Heavy Quarks

Collins, Ellis, Gunion, Mueller, sjb 
M. Polyakov, et al. 

• Collins, Ellis, Gunion, Mueller, sjb; 

Fixed LF time

Q

Q

Rigorous OPE Analysis
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Probability (QED) � 1
M4

�

Probability (QCD) � 1
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Proton 5-quark Fock State : 
Intrinsic Heavy Quarks

Collins, Ellis, Gunion, Mueller, sjb 
Polyakov, et al. 

 

Fixed LF time

xQ � (m2
Q + k2

�)1/2

Q

Q

QCD predicts  
Intrinsic Heavy 

Quarks at high x!

Minimal off-shellness

Rigorous OPE 
Analysis

Maximum at Equal rapidity!



J. J. Aubert et al. [European Muon Collaboration], “Pro-
duction Of Charmed Particles In 250-Gev Mu+ - Iron In-
teractions,” Nucl. Phys. B 213, 31 (1983).

Evidence for Intrinsic Charm

Measurement of Charm Structure Function! 

DGLAP / Photon-Gluon Fusion: factor of 30 too small

factor of 30 !

Two Components (separate evolution):

c(x,Q2) = c(x, Q2)extrinsic + c(x, Q2)intrinsic

gluon splitting 
(DGLAP)

 New Analysis:
R.D. Ball, et al. [NNPDF Collaboration],

  “A Determination of the Charm Content 
of the Proton,''

  arXiv:1605.06515 [hep-ph].

< xcc̄ >p' 1%

x c(x,Q)
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xc(x, µ2)

w = P intrinsic
cc̄
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Intrinsic Heavy-Quark Fock 

• Rigorous prediction of QCD, OPE 

• Color-Octet Color-Octet Fock State  

• Probability 

• Large Effect at high x 

• Greatly increases kinematics of colliders  such as 
Higgs production  

• Underestimated in conventional parameterizations 
of heavy quark distributions 

• Many EIC, LHC tests  (LHCb -SMOG)
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R. Demina,71 D. Denisov,50 S. P. Denisov,39 S. Desai,50 H. T. Diehl,50 M. Diesburg,50 A. Dominguez,67 T. Dorland,82

A. Dubey,28 L. V. Dudko,38 L. Duflot,16 S. R. Dugad,29 D. Duggan,49 A. Duperrin,15 S. Dutt,27 J. Dyer,65 A. Dyshkant,52

M. Eads,67 D. Edmunds,65 J. Ellison,48 V. D. Elvira,50 Y. Enari,77 S. Eno,61 P. Ermolov,38,xx M. Escalier,15 H. Evans,54

A. Evdokimov,73 V.N. Evdokimov,39 A.V. Ferapontov,59 T. Ferbel,61,71 F. Fiedler,24 F. Filthaut,35 W. Fisher,50 H. E. Fisk,50

M. Fortner,52 H. Fox,42 S. Fu,50 S. Fuess,50 T. Gadfort,70 C. F. Galea,35 C. Garcia,71 A. Garcia-Bellido,71 V. Gavrilov,37

P. Gay,13 W. Geist,19 W. Geng,15,65 C. E. Gerber,51 Y. Gershtein,49,†D. Gillberg,6 G. Ginther,71 B. Gómez,8 A. Goussiou,82
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A. Grohsjean,25 S. Grünendahl,50 M.W. Grünewald,30 F. Guo,72 J. Guo,72 G. Gutierrez,50 P. Gutierrez,75 A. Haas,70

N. J. Hadley,61 P. Haefner,25 S. Hagopian,49 J. Haley,68 I. Hall,65 R. E. Hall,47 L. Han,7 K. Harder,44 A. Harel,71

J.M. Hauptman,57 J. Hays,43 T. Hebbeker,21 D. Hedin,52 J. G. Hegeman,34 A. P. Heinson,48 U. Heintz,62 C. Hensel,22,x

K. Herner,72 G. Hesketh,63 M.D. Hildreth,55 R. Hirosky,81 T. Hoang,49 J. D. Hobbs,72 B. Hoeneisen,12 M. Hohlfeld,22

S. Hossain,75 P. Houben,34 Y. Hu,72 Z. Hubacek,10 N. Huske,17 V. Hynek,9 I. Iashvili,69 R. Illingworth,50 A. S. Ito,50
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Mesropian, Bandurin
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LHC:
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• Light Front Wavefunctions:                                   

AdS5:  Conformal Template for QCD

P+ = P0 + Pz

Fixed ⌅ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz
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⇥ = d�s(Q2)
d lnQ2 < 0

u

Duality of AdS5 with LF 
Hamiltonian Theory

•Light-Front Holography

Light-Front Schrödinger Equation
Spectroscopy and Dynamics

with Guy de Teramond and 
Hans Guenter Dosch

HQCD
LF |ψ >=M2|ψ >
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Perturbative QCD

Holographic QCD
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Light-Front Holography  

AdS/QCD 
Soft-Wall  Model 

⇥
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Conformal Symmetry 
of the action  
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Confinement scale:   

Light-Front Schrödinger Equation
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Unique 
Confinement Potential!
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 ' 0.6 GeV
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• de Alfaro, Fubini, Furlan: Scale can appear in Hamiltonian and EQM 
without affecting conformal invariance of action!

(mq=0)

Single scheme-
independent fundamental 

mass scale 
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SUPERSYMMETRY!
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Figure 1: The supersymmetric quadruplet {�M , B+, B�,�T }. Open circles represent
quarks, full circles antiquarks. The tetraquark has the same mass as its baryon partner in the
multiplet. Notice that the LF angular momentum of the negative-chirality component wave
function of a baryon  B� is one unit higher than that of the positive-chirality (leading-twist)
component  B+.

spinor wavefunction  B+ and  B�, plus two bosonic wave functions, namely the meson

�B and the tetraquark �T . These states can be arranged as a 2⇥ 2 matrix:

 
�M(LM = LB + 1)  B�(LB + 1)

 B+(LB) �T (LT = LB)

!
, (21)

on which the symmetry generators (1) and the Hamiltonian (17) operate 9.

According to this analysis, the lowest-lying light-quark tetraquark is a partner of

the b1(1235) and the nucleon; it has quantum numbers I, J
P = 0, 0+. The partners of

the a2(1320) and the �(1233) have the quantum numbers I = 0, JP = 1+. Candidates

for these states are the f0(980) and a1(1260), respectively.

2.4 Inclusion of quark masses and comparison with experiment

We have argued in [11] that the natural way to include light quark masses in the

hadron mass spectrum is to leave the LF potential unchanged as a first approximation

and add the additional term of the invariant mass �m
2 =

P
n

i=1
m

2
i

xi
to the LF kinetic

energy. The resulting LF wave function is then modified by the factor e
� 1

2��m
2
, thus

providing a relativistically invariant form for the hadronic wave functions. The e↵ect of

the nonzero quark masses for the squared hadron masses is then given by the expectation

value of �m
2 evaluated using the modified wave functions. This prescription leads to

9It is interesting to note that in Ref. [20] mesons, baryons and tetraquarks are also hadronic states
within the same multiplet.
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Superconformal Algebra
2X2 Hadronic Multiplets

Meson Baryon (two components) Tetraquark

de Tèramond, Dosch, Lorce, sjb
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component  B+.
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�B and the tetraquark �T . These states can be arranged as a 2⇥ 2 matrix:
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, (21)

on which the symmetry generators (1) and the Hamiltonian (17) operate 9.

According to this analysis, the lowest-lying light-quark tetraquark is a partner of

the b1(1235) and the nucleon; it has quantum numbers I, J
P = 0, 0+. The partners of

the a2(1320) and the �(1233) have the quantum numbers I = 0, JP = 1+. Candidates

for these states are the f0(980) and a1(1260), respectively.

2.4 Inclusion of quark masses and comparison with experiment

We have argued in [11] that the natural way to include light quark masses in the

hadron mass spectrum is to leave the LF potential unchanged as a first approximation

and add the additional term of the invariant mass �m
2 =

P
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the nonzero quark masses for the squared hadron masses is then given by the expectation

value of �m
2 evaluated using the modified wave functions. This prescription leads to

9It is interesting to note that in Ref. [20] mesons, baryons and tetraquarks are also hadronic states
within the same multiplet.
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Superconformal algebra 

2 X 2 Matrix Representations:                                     
Mass-Degenerate Hadronic Eigensolutions
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Figure 1: The supersymmetric quadruplet {�M , B+, B�,�T }. Open circles represent
quarks, full circles antiquarks. The tetraquark has the same mass as its baryon partner in the
multiplet. Notice that the LF angular momentum of the negative-chirality component wave
function of a baryon  B� is one unit higher than that of the positive-chirality (leading-twist)
component  B+.

spinor wavefunction  B+ and  B�, plus two bosonic wave functions, namely the meson

�B and the tetraquark �T . These states can be arranged as a 2⇥ 2 matrix:

 
�M(LM = LB + 1)  B�(LB + 1)

 B+(LB) �T (LT = LB)

!
, (21)

on which the symmetry generators (1) and the Hamiltonian (17) operate 9.

According to this analysis, the lowest-lying light-quark tetraquark is a partner of

the b1(1235) and the nucleon; it has quantum numbers I, J
P = 0, 0+. The partners of

the a2(1320) and the �(1233) have the quantum numbers I = 0, JP = 1+. Candidates

for these states are the f0(980) and a1(1260), respectively.

2.4 Inclusion of quark masses and comparison with experiment

We have argued in [11] that the natural way to include light quark masses in the

hadron mass spectrum is to leave the LF potential unchanged as a first approximation

and add the additional term of the invariant mass �m
2 =

P
n

i=1
m

2
i

xi
to the LF kinetic

energy. The resulting LF wave function is then modified by the factor e
� 1

2��m
2
, thus

providing a relativistically invariant form for the hadronic wave functions. The e↵ect of

the nonzero quark masses for the squared hadron masses is then given by the expectation

value of �m
2 evaluated using the modified wave functions. This prescription leads to

9It is interesting to note that in Ref. [20] mesons, baryons and tetraquarks are also hadronic states
within the same multiplet.
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accordance with the spectroscopy derived from light-front
holographic QCD, where baryon and meson partners
have the masses M2

B ¼ 4λBðnþ LB þ 1Þ and M2
M ¼

4λMðnþ LMÞ respectively. This result follows from
Eqs. (12) and (6) with ν ¼ LB and J ¼ LM, respectively.
If one takes λB ¼ λM in LF holographic QCD, which is
automatic in the superconformal theory, the spectral results
are then identical for LM ¼ LB þ 1.
The predictions of supersymmetric quantum mechanics

are based on the fact that the supercharge operator Rλ
transforms baryon states with angular momentum LB into
their mesonic superpartners with angular momentum
LM ¼ LB þ 1. The operator R†

λ operates in the opposite
direction. The pion has a very special role: Its existence is
predicted by the superconformal algebra, and according to
the formalism, it is massless and has no supersymmetric
partner. We have thus established a complete correspon-
dence between the light-front holographic QCD results and
supersymmetric quantum mechanics.
The superconformal predictions presented in Fig. 1

should be understood as a zeroth-order approximation.
There are, however, several phenomenological corrections
to this initial approximation. First, the slope of the π=b1
trajectory is not exactly identical to the slope of the nucleon
trajectory: For the mesons

ffiffiffiffiffiffi
λM

p
¼ 0.59 GeV, whereas for

the nucleons
ffiffiffiffiffi
λB

p
¼ 0.49 GeV [21]. This makes the b1

heavier than its supersymmetric partner, the nucleon. In
terms of LF holographic QCD this indicates that for this
internal spin configuration, the confining force between the
spectator and the cluster in the baryon is weaker than
between the constituents of the meson; this makes the
meson a more compact object since hr2i ∼ 1=λ. Second, the
negative parity nucleon states are systematically higher
than the nucleons with positive parity, a fact which in LF
holographic QCD has been taken into account phenom-
enologically by the half-integer twist assignment ν ¼ Lþ 1

2

given in Table I. It is expected that this effect could be
explained by the different quark configurations and sym-
metries of the baryon wave function [30–32].
The nucleon-meson superpartner pairs are plotted in

Fig. 2 with their measured masses. The observed difference
in the squared masses of the supersymmetric partners
indicates that the most important breaking of supersym-
metry is due to the difference between λB and λM. Only
confirmed PDG states have been included [34].

B. The mesonic superpartners of the delta trajectory

The essential physics derived from the superconformal
connection of nucleons and mesons follows from the action
of the fermion-number-changing supercharge operator Rλ.
As we have discussed in the previous section, this operator
transforms a baryon wave function with angular momen-
tum LB into a superpartner meson wave function with
angular momentum LM ¼ LB þ 1 (see Appendix B), a

state with the identical eigenvalue—the hadronic mass
squared. We now check if this relation holds empirically
for other baryon trajectories.
We first observe that baryons with positive parity and

internal spin S¼ 3
2, such as the Δ3

2
þð1232Þ, and baryons

with negative parity and internal spin S¼ 1
2, such as the

Δ1
2
−ð1620Þ, lie on the same trajectory; this corresponds to

the phenomenological assignment ν ¼ LB þ 1
2, given in

Table I. From (12) we obtain the spectrum [35]

M2ðþÞ
n;LB;S¼3

2

¼ M2ð−Þ
n;LB;S¼1

2

¼ 4

"
nþ LB þ 3

2

#
λB: ð50Þ

If we now apply the superconformal relation LM ¼ LB þ 1
and λM ¼ λB we predict a meson trajectory with
eigenvalues

M2
n;LM

¼ 4

"
nþ LM þ 1

2

#
λM; ð51Þ

which is, precisely, the expression for the spectrum of the ρ
meson (6) for J ¼ LM þ 1. Again, one sees that the lowest-
lying mesonic state, in this case the ρ meson, has no
superpartner, since LM would be negative.
Since the phenomenological value of λ for the Δ

trajectory is close to that of the ρ trajectory,
ffiffiffiffiffi
λΔ

p
¼ 0.51

and
ffiffiffiffiffi
λρ

p
¼ 0.54 (see Ref. [21]), one can expect good

agreement for the masses of the supersymmetric partners.
This is indeed the case, as can be seen from Fig. 3, where

b1
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0

Nπ

2 4
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FIG. 2 (color online). Supersymmetric meson-nucleon partners:
Mesons with S¼ 0 (red triangles) and baryons with S¼ 1

2 (blue
squares). The experimental values of M2 are plotted vs
LM ¼ LB þ 1. The solid line corresponds to

ffiffiffi
λ

p
¼ 0.53 GeV.

The π has no baryonic partner.
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we have included the confirmed Δ and J ¼ Lþ S, S¼ 1,
vector-meson states from Ref. [34].
Using the assignment ν ¼ LB þ 1

2 from Table I and the
comparison of Eq. (9) with Eq. (40) [or Eq. (10) with
Eq. (39)], we obtain the relation f ¼ νþ 1

2 ¼ LB þ 1 ¼
LM for the superconformal relation LM ¼ LB þ 1. Thus
from (39) we obtain the LF Hamiltonian for the super-
partner vector-meson trajectory,

G11 ¼ −
d2

dζ2
þ λ2Mζ

2 þ 2λMðLM − 1Þ þ
4ðLM þ 1

2Þ
2 − 1

4ζ2
;

ð52Þ

with λ ¼ λM ¼ λB. This expression is to be compared with
the light-front holographic Hamiltonian which follows
from (5) for J ¼ LM þ 1 and ν ¼ LM,

HLF ¼ −
d2

dζ2
þ λ2Mζ

2 þ 2λMLM þ 4L2
M − 1

4ζ2
: ð53Þ

Thus, by extending the meson-baryon connection for
baryons with ν ¼ LB þ 1

2 we obtain an identical expression
for the vector-meson spectrum, but with a different LF
Hamiltonian. This somewhat less satisfactory feature of the
Δ-ρ relations is reflected in the transformation under the
supercharge R†

λ (Appendix B). The ρ-meson wave function
ϕ1, that is, the eigenfunction of G11 with f ¼ 0, is not
annihilated by the action of R†

λ [see Eq. (B31)]. Indeed the

terms which determine the angular momentum, the singular
terms in the two Hamiltonians G11 and G22, Eqs. (39) and
(40) respectively, are identical for f ¼ 0. Thus in this case,
the unphysical value of the angular momentum, LB ¼ −1,
is the only reason to exclude the baryonic superpartner of
the ρ. This is in contrast to the case of the pion, where the
fermion-number-changing operator R†

λ actually annihilates
the pion wave function, Eq. (B29), since it is a zero-mass
eigenmode.

V. SUMMARY AND CONCLUSIONS

Conformal and superconformal quantum mechanics
[8,14], together with light-front holographic QCD [21],
has revealed the importance of conformal symmetry and its
breaking within the algebraic structure for understanding
the confinement mechanism of QCD.
If one introduces the mass scale for hadrons using the

method developed by de Alfaro et al. [8], one obtains a
confining theory for mesons while retaining a conformally
invariant action. If one applies the dAFF procedure to light-
front Hamiltonian theory, the form of the LF potential is
uniquely fixed to that of a harmonic oscillator in the
invariant LF radial variable ζ [9]. It predicts color confine-
ment and linear Regge meson trajectories with the same
slope in the radial and orbital excitations n and L. If one
compares the construction of the confining LF potential
with the Hamiltonian obtained in light-front holographic
QCD, then the dilaton factor in the modified AdS action is
uniquely fixed [5,6]. The appearance of the extra spin-
dependent constant term in the LF potential is a conse-
quence of the specific embedding of the LF wave equations
in AdS for arbitrary integer-spin [7]. This extra term is
essential for agreement with experiment, including the
prediction of a massless pion in the chiral limit.
In the case of half-integer spin, the dilaton in the AdS

action does not lead to confinement for baryons since
such a term can be absorbed into the wave function.
Confinement thus requires the addition of a Yukawa-like
term in the half-integer spin Lagrangian. However, this
apparent deficiency is cured [13] by the application of
superconformal quantum mechanics.
Superconformal quantum mechanics can be constructed

by restricting the superpotential in Witten’s construction
[23] to a conformally invariant expression [14,24].
Remarkably, it is possible to introduce a mass scale into
the quantum-mechanical evolution equations, without vio-
lating supersymmetry, by introducing a new supercharge
which is a linear combination of generators of the super
conformal algebra [14]. Furthermore, by connecting the
resulting wave equations to the light-front holographic
formalism, one fixes not only the confining term for
baryons and mesons for all spins, but also the constant
terms in the LF potential. The resulting spectra reproduces
the principal observed features of mesonic and baryonic
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FIG. 3 (color online). Supersymmetric vector meson and Δ
partners: Mesons with I ¼ 1 (red triangles) and I ¼ 0 (red
circles) and Δ states with S¼ 3

2 and S¼ 1
2 (blue squares) for

plus and minus parity respectively. The experimental values of
M2 are plotted vs LM ¼ LB þ 1. The solid line corresponds toffiffiffi
λ

p
¼ 0.53 GeV. The ρ and ω have no baryonic partner, since it

would imply a negative value of LB.
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follows from the stability of the ground state, the proton,
and the mapping of AdS to light-front physics. The
assignment for other spin and parity baryons states, given
in Table II, is motivated by the observed spectrum. It is
hoped that further analysis of the different quark configu-
rations and symmetries of the baryon wave function
[36,45,46] will indeed explain the assignment of the
dimensionless parameter f.
If we follow the non-SUð6Þ quantum number assignment

for the Δ5
2
−ð1930Þ given in Ref. [36], namely S ¼ 3=2,

L ¼ 1, n ¼ 1, we find with the present model the
value MΔð1930Þ ¼ 4

ffiffiffiffiffi
λB

p
¼ 2MP, also consistent with the

experimental result 1.96 GeV [40]. An important feature of

light-front holography and supersymmetric LF quantum
mechanics is the fact that it predicts a similar multiplicity of
states for mesons and baryons, consistent with experimen-
tal observations [36]. This property is consistent with the
LF cluster decomposition of the holographic variable ζ,
which describes a system of partons as an active quark plus
a cluster of n − 1 spectators [37]. From this perspective, a
baryon with 3 quarks looks in light-front holography as a
quark-diquark system.
Another interesting consequence of the supersymmetric

relation between the plus and minus chirality states, is the
equal probability expressed by (88). This remarkable
equality means that in the light-front holographic approach
described here the proton’s spin Jz ¼ Lz þ Sz is carried by
the quark orbital angular momentum: hJzi ¼ hLz

qi ¼ %1=2
since hSzqi ¼ 0.

VI. CONCLUSIONS AND OUTLOOK

In this article we have shown how superconformal
quantum mechanics [21,22] can be extended to the light
front and how it can be precisely mapped to holographic
QCD. We have also examined the higher half-integer spin

LL
1-2014
8844A5

M
2   (

G
eV

2 )

(c) (d)

n=2 n=1 n=0

n=2n=3 n=1 n=0

∆(1950)
∆(1920)

∆(1700)
∆(1620)

∆(1910)
∆(1905)

∆(1232)

∆(1600)

∆(2420)

N(1875)

N(1535)
N(1520)

0 2 4
1

3

5

7

20 4
0

2

4

6

M
2   (

G
eV

2 )

(a) (b)

n=2n=3 n=1 n=0

N(1710)

N(1700)

4λ

N(1720)
N(1680)

N(1675)

N(2250)

N(2600)

N(2190)

N(2220)

ν=L

ν=L+1

N(1650)

N(940)

N(1440)

N(940)

N(1900) N(2220)

N(1720)
N(1680)

0 2 4
0

2

4

6

0 2 4 6
0

4

8

FIG. 1 (color online). Orbital and radial baryon excitation spectrum. (a) Positive-parity spin-12 nucleons and (b) spectrum gap between
the negative-parity spin-32 and the positive-parity spin-

1
2 nucleons families. (c) Minus-parity spin-12 N and (d) plus- and minus-parity spin-

1
2 and spin-32 Δ families. We have used in this figure the value

ffiffiffiffiffi
λB

p
¼ 0.49 GeV for nucleons and 0.51 GeV for the deltas.

TABLE II. Orbital quantum number assignment for the super-
potential parameter f for baryon trajectories according to parity P
and internal spin S.

S ¼ 1
2 S ¼ 3

2

P ¼ þ f ¼ Lþ 1
2

f ¼ Lþ 1

P ¼ − f ¼ Lþ 1 f ¼ Lþ 3
2
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Table 5.1
Confirmed mesons listed by PDG [16]. The labels L, S and n refer to assigned internal orbital angular
momentum, internal spin and radial quantumnumber respectively. For a qq̄ state P = (�1)L+1,C = (�1)L+S .
For the pseudoscalar sector only the I = 1 states are listed.

L S n JPC Meson state

0 0 0 0�+ ⇡(140)
0 0 1 0�+ ⇡(1300)
0 0 2 0�+ ⇡(1800)
0 1 0 1�� ⇢(770)
0 1 0 1�� !(782)
0 1 1 1�� !(1420)
0 1 1 1�� ⇢(1450)
0 1 2 1�� !(1650)
0 1 2 1�� ⇢(1700)

1 0 0 1+� b1(1235)
1 1 0 0++ a0(980)
1 1 1 0++ a0(1450)
1 1 0 1++ a1(1260)
1 1 0 2++ f2(1270)
1 1 0 2++ a2(1320)
1 1 2 2++ f2(1950)
1 1 3 2++ f2(2300)

2 0 0 2�+ ⇡2(1670)
2 0 1 2�+ ⇡2(1880)
2 1 0 3�� !3(1670)
2 1 0 3�� ⇢3(1690)

3 1 0 4++ a4(2040)
3 1 0 4++ f4(2050)

Fig. 5.2. Orbital and radial excitation spectrum for the light pseudoscalar mesons: (a) I = 0 unflavored mesons and (b) strange mesons, for
p

� = 0.59
GeV.

In contrast to the hard-wall model, the soft-wall model with positive dilaton accounts for the mass pattern observed in
radial excitations, as well as for the triplet splitting for the L = 1, J = 0, 1, 2 observed for the vector meson a-states. As
we will discuss in the next section, a spin–orbit effect is only predicted for mesons not baryons, as observed in experiment
[203,209]; it thus becomes a crucial test for anymodel which aims to describe the systematics of the light hadron spectrum.
Using the spectral formula (5.8) we find [176]

Ma2(1320) > Ma1(1260) > Ma0(980). (5.11)

The predicted values are 0.76, 1.08 and 1.32 GeV for the masses of the a0(980), a1(1260) and a2(1320) vector mesons,
compared with the experimental values 0.98, 1.23 and 1.32 GeV respectively. The prediction for the mass of the L = 1,
n = 1 state a0(1450) is 1.53 GeV, compared with the observed value 1.47 GeV. Finally, we would like to mention the recent
precision measurement at COMPASS [210] which found a new resonance named the a1(1420) with a mass 1.42 GeV, the
origin of which remains unclear. In the present framework the a1(1420) is interpreted as a J = 1, S = 1, L = 1, n = 1

S.J. Brodsky et al. / Physics Reports 584 (2015) 1–105 35

Fig. 5.3. Orbital and radial excitation spectrum for the light vector mesons: (a) I = 0 and I = 1 unflavoredmesons and (b) strangemesons, for
p

� = 0.54
GeV.

vector-meson state with a predicted mass of 1.53 GeV. For other calculations of the hadronic spectrum in the framework of
AdS/QCD, see Refs. [211–239].23

The LF holographic model with � > 0 accounts for the mass pattern observed in the radial and orbital excitations of
the light mesons, as well as for the triplet splitting for the L = 1, J = 0, 1, 2, vector meson a-states [176]. The slope of
the Regge trajectories gives a value

p
� ' 0.5 GeV, but the value of � required for describing the pseudoscalar sector is

slightly higher that the value of � extracted from the vector sector. In general the description of the vector sector is better
than the pseudoscalar sector. However, the prediction for the observed spin–orbit splitting for the L = 1 a-vector mesons
is overestimated by the model.

The solution for � < 0 leads to a pion mass heavier than the ⇢ meson and a meson spectrum given by M2 =

4� (n + 1 + (L � J)/2), in clear disagreement with the observed spectrum. Thus the solution � < 0 is incompatible with
the light-front constituent interpretation of hadronic states. We also note that the solution with � > 0 satisfies the stability
requirements from the Wilson loop area condition for confinement [177] discussed in Section 4.2.1.

5.1.2. Meson spectroscopy in a gauge invariant AdS model
Like the AdS wave equation for arbitrary spin (4.23), the AdS wave equation which follows from a gauge invariant

construction described in Section 4.2.2 (see Ref. [61]) can be brought into a Schrödinger-like form by rescaling the AdS
field in (4.36) according to �̃J(z) = zJ�1/2e��z2/2�̃J(z). The result is

✓
�

d2

dz2
�

1 � 4J2

4
+ �2z2 � 2J�

◆
�̃J(z) = M2 �̃J(z), (5.12)

and yields the spectrum

M2
= (4n + 2J + 2)|�| � 2J�. (5.13)

Besides the difference in sign in the dilaton profile, there are conceptual differences in the treatment of higher spin given
by KKSS [61] in Section 4.2.2, as compared with the treatment given in Section 4.2. The mapping of the AdS equation of
motion (4.36) onto the Schrödinger equation (5.12) reveals that J = L and therefore an essential kinematical degree of
freedom is missing in the light-front interpretation of the KKSS AdS wave equation. In particular the ⇢ meson would be an
L = 1 state. Furthermore the method of treating higher spin, based on gauge invariance, can only be applied to the vector
meson trajectory, not pseudoscalar mesons. Generally speaking, one can say that insisting on gauge invariance in AdSd+1
favors a negative dilaton profile (� < 0), whereas the mapping onto the LF equation demands an AdS mass µ 6= 0 and a
positive profile (� > 0).

5.1.3. Light quark masses and meson spectrum
In general, the effective interaction depends on quark masses and the longitudinal momentum fraction x in addition

to the transverse invariant variable ⇣ . However, if the confinement potential is unchanged for small quark masses it then
only depends on the transverse invariant variable ⇣ , and the transverse dynamics are unchanged (see Section 2.4.1). This
is consistent with the fact that the potential is determined from the conformal symmetry of the effective one-dimensional
quantum field theory, which is not badly broken for small quark masses.

23 For recent reviews see, for example, Refs. [114,240]. One can also use the AdS/QCD framework to study hadrons at finite temperature (see, for example
Refs. [241–243] and references therein) or in a hadronic medium [244].

S.J. Brodsky, G.F. de Téramond, H.G. Dosch, J. Erlich, Phys. Rep. 584, 1 (2015); 
H.G. Dosch, G.F. de Téramond, S.J. Brodsky, Phys. Rev. D 91, 045040 (2015); D91, 085016 (2015).
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The Fourier transform of (4) is the impact space LFWF
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Impact space holographic LFWFs for the ⌅, K, D, �c, B
and �b mesons are depicted in Fig. 1.

The non-perturbative input to hard exclusive processes
and heavy hadron decays can be computed in terms of
gauge invariant hadronic distribution amplitudes (DAs),
which describe the momentum-fraction distribution of
partons at zero transverse impact distance in a Fock
state with a fixed number of constituents. The me-
son DA is computed from the transverse integral of the
valence quark light-front wavefunction in the light-cone
gauge [17]

⇧M (x,Q) =
� k2

⇥<Q2
d2k⇥
16⌅3

⌥M (x,k⇥), (8)

and thus ⇧(x) ⇥ ⇧(x,Q ⌅ ⇧) ⌅  ⌥(x,b⇥ ⌅ 0)/
 

4⌅.
From (6) we obtain the holographic distribution ampli-
tude ⇧(x)
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c ⇥

2⌅
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� 1
2�2

»
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1
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m2
2
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–

, (9)

in the soft wall model. The distribution amplitudes for
the ⌅, K, D, �c, mesons are shown in Fig. 2. Predictions
for the first and second moment of the meson distribution
amplitude

⌥⇤N �M =

⌥ 1
�1 ⇤N⇧M (⇤)
⌥ 1
�1 ⇧M (⇤)

, (10)

and comparison with available lattice computations are
given on Table I . In the chiral limit, the AdS distribu-
tion amplitude ⇧AdS(x) ⇤

⌦
x(1� x) gives for the second

moment ⌥⇤2�AdS ⌅ 1/4, compared with the asymptotic
value ⌥⇤2�PQCD ⌅ 1/5 from the PQCD asymptotic DA
⇧PQCD(x) ⇤ x(1� x) [17] .

...............

III. PARTONIC MASS SHIFT

We compute the partonic mass shift contribution to a
meson due to the constituents quark masses [21]

M2 =M2
massless +

⇧
m2

1

x

⌃
+
⇧

m2
2

1� x

⌃
, (11)

FIG. 1: Two-parton flavored meson holographic LFWF
⌅(x,b�): (a) |⇤+� = |ud�, (b) |K+� = |us�, (c) |D+� = |cd�,
(d) |�c� = |cc�, (e) |B+� = |ub� and (f) |�b� = |bb�. Values
for the quark masses used are mu = 2 MeV, md = 5 MeV,
ms = 95 Mev, mc = 1.25 GeV and mb = 4.2 GeV. The value
of ⇥ = 0.375 GeV is extracted from the pion form factor [16].

for the holographic LFWF (4). Results for the partonic
mass shift contribution �M =

�
M2 �M2

massless

⇥1/2 are
compared with hadronic masses on Table II.

.....

IV. CONCLUSIONS

..........
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III. STRANGE QUARK FORM FACTORS
FROM LATTICE QCD

We have calculated the strange quark contribution to
nucleon’s magnetic moment and charge radius in Ref. [24]
using the overlap fermion on the (2þ 1) flavor RBC/
UKQCD domain wall fermion (DWF) gauge configura-
tions. Details of these ensembles are listed in Table I. We
use 24 valence quark masses in total for the 24I, 32I, 32ID,
and 48I ensembles representing pion masses in the range
mπ ∈ ð135; 400Þ MeV to explore the quark-mass depend-
ence of the s-quark FFs. One can perform the model-
independent z-expansion fit [64,65]

Gs;z- expðQ2Þ ¼
Xkmax

k¼ 0

akzk; z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tcutþQ2

p
− ffiffiffiffiffiffi

tcut
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tcutþQ2

p
þ ffiffiffiffiffiffi

tcut
p ; ð11Þ

using the lattice data to extrapolate the s-quark magnetic
moment and charge radius as shown in [24] and then use
the fit parameters ak to interpolate Gs

E;M values at various
Q2 for a given valence quark mass on the lattice. The
available Q2 on the 24I and 32I ensembles are
Q2 ∈ ð0.22; 1.31Þ GeV2, on the 32ID ensemble are Q2 ∈
ð0.07; 0.43Þ GeV2 and on the 48I ensemble are
Q2 ∈ ð0.05; 0.31Þ GeV2. It is a common problem for lattice
QCD calculations that the signal-to-noise-ratio decreases as
one reaches the physical pion mass. From our study, we
also find that the lattice results of Gs

E;MðQ2Þ near the
physical pion mass mπ ¼ 140 MeV for the 48I ensemble
[66] is noisier compared to theGs

E;MðQ2Þ obtained from the
lattice ensembles with heavier pion mass. Although the
largest available momentum transfer we have on the 24I
and 32I ensemble isQ2 ∼ 1.3 GeV2, the largest momentum
transfer available on the 48I ensemble is Q2 ∼ 0.31 GeV2.
We note that the extrapolation of the nucleon strange EMFF
starts to break down after Q2 ∼ 0.4 GeV2 for the 48I
ensemble and we therefore constrain the extrapolations
of the 48I ensemble EMFF up to Q2 ¼ 0.5 GeV2. It is
important to note that the lattice QCD estimate of
Gs

E;MðQ2Þ we present here is the most precise and accurate

FIG. 2. LFHQCD prediction and comparison with selected
world data of the ratio Rp ¼ μpG

p
E=G

p
M from unpolarized cross

section measurements [53–56] and polarization measurements
[57–63]. The blue uncertainty band in the LFHQCD prediction of
Rp is obtained from the variation of κ determined by the nucleon
and the ρ-trajectories. The uncertainty in the cyan band of the
asymptotic value Rasymp

p ð∞Þ ¼ −0.309 is obtained form the
difference between κ ¼ 0.548 GeV and κ ¼ 0.537 GeV.

(a) (b)

FIG. 1. Comparison of the LFHQCD results with selected world data [51,52] for the Dirac and Pauli form factors for the proton and
neutron. The orange line corresponds to the SU(6) symmetry limit for the neutron Dirac form factor. The dotted lines are the asymptotic
predictions of the form factors from LFHQCD. The blue and green uncertainty bands are obtained from the variation of κ determined by
the nucleon and the ρ-trajectories.

TABLE I. The parameters for the DWF configurations: spatial/
temporal size, lattice spacing [66,67], the sea strange quark mass
under M̄S scheme at 2 GeV, the pion mass corresponding to the
degenerate light sea quark mass and the numbers of configura-
tions used in this work.

Ensemble L3 × T a (fm) mðsÞ
s (MeV) mπ (MeV) Nconfig

24I [67] 243 × 64 0.1105(3) 120 330 203
32I [67] 323 × 64 0.0828(3) 110 300 309
32ID [66] 323 × 64 0.1431(7) 89.4 171 200
48I [66] 483 × 96 0.1141(2) 94.9 139 81
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we find qτðxÞ ∼ ð1 − xÞ2τ−3, which is precisely the Drell-
Yan inclusive counting rule at x → 1 [63–65], correspond-
ing to the form factor behavior at large Q2 (3).
From Eq. (10), it follows that the conditions (13) are

equivalent to f0ð1Þ ¼ 0 and f00ð1Þ ≠ 0. Since logðxÞ∼
1 − x for x ∼ 1, a simple ansatz for fðxÞ consistent with
(7), (11), and (13) is

fðxÞ ¼ 1

4λ

!
ð1 − xÞ log

"
1

x

#
þ að1 − xÞ2

$
; ð14Þ

with a being a flavor-independent parameter. From (10),

wðxÞ ¼ x1−xe−að1−xÞ
2
; ð15Þ

an expression that incorporates Regge behavior at small x
and inclusive counting rules at large x.
Nucleon GPDs.—The nucleon GPDs are extracted from

nucleon FF data [66–70] choosing specific x and t depend-
ences of the GPDs for each flavor. One then finds the best
fit reproducing the measured FFs and the valence PDFs. In
our analysis of nucleon FFs [56], three free parameters are
required: these are r, interpreted as an SU(6) breaking
effect for the Dirac neutron FF, and γp and γn, which
account for the probabilities of higher Fock components
(meson cloud) and are significant only for the Pauli FFs.
The hadronic scale λ is fixed by the ρ-Regge trajectory [28],
whereas the Pauli FFs are normalized to the experimental
values of the anomalous magnetic moments.
Helicity nonflip distributions: Using the results from [56]

for the Dirac flavor FFs, we write the spin nonflip valence
GPDs Hqðx; tÞ ¼ qðxÞ exp ½tfðxÞ&with

uvðxÞ ¼
"
2 −

r
3

#
qτ¼3ðxÞ þ

r
3
qτ¼4ðxÞ; ð16Þ

dvðxÞ ¼
"
1 −

2r
3

#
qτ¼3ðxÞ þ

2r
3
qτ¼4ðxÞ; ð17Þ

for the u and d PDFs normalized to the valence content of
the proton:

R
1
0 dxuvðxÞ ¼ 2 and

R
1
0 dxdvðxÞ ¼ 1. The PDF

qτðxÞ and the profile function fðxÞ are given by (9) and
(10), and wðxÞ is given by (15). Positivity of the PDFs
implies that r ≤ 3=2, which is smaller than the value r ¼
2.08 found in [56]. We shall use the maximum value
r ¼ 3=2, which does not change significantly our results
in [56].
The PDFs (16) and (17) are evolved to a higher

scale μ with the Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP) equation [71–73] in the M̄S scheme using
the HOPPET toolkit [74]. The initial scale is chosen at the
matching scale between LFHQCD and perturbative QCD
(pQCD) as μ0 ¼ 1.06'0.15 GeV [75] in the M̄S scheme at
next-to-next-to-leading order (NNLO). The strong cou-
pling constant αs at the scale of the Z-boson mass is set to

0.1182 [76], and the heavy quark thresholds are set with
M̄S quark masses as mc¼ 1.28 GeV and mb¼ 4.18 GeV
[76]. The PDFs are evolved to μ2 ¼ 10 GeV2 at NNLO to
compare with the global fits by the MMHT [5], CT [6], and
NNPDF [77] collaborations as shown in Fig. 1. The value
a¼ 0.531' 0.037 is determined from the first moment of
the GPD,

R
1
0 dxxH

q
vðx; t ¼ 0Þ ¼ Aq

vð0Þ from the global data
fits with average values Au

vð0Þ ¼ 0.261' 0.005 and
Ad
vð0Þ ¼ 0.109' 0.005. The model uncertainty (red band)

includes the uncertainties in a and μ0 [78]. We also indicate
the difference between our results and global fits in Fig. 2.
The t dependence of Hq

vðx; tÞ is illustrated in Fig. 3.
Since our PDFs scale as qðxÞ ∼ x−1=2 for small x, the
Kuti-Weisskopf behavior for the nonsinglet structure
functions F2pðxÞ − F2nðxÞ ∼ x½uvðxÞ − dvðxÞ&∼ x1=2 is
satisfied [79,80].
Helicity-flip distributions: The spin-flip GPDsEq

vðx; tÞ ¼
eqvðxÞ exp ½tfðxÞ&follow from the flavor Pauli FFs in [56]
given in terms of twist-4 and twist-6 contributions

eqvðxÞ ¼ χq½ð1 − γqÞqτ¼4ðxÞ þ γqqτ¼6ðxÞ&; ð18Þ

normalized to the flavor anomalous magnetic momentR
1
0 dxeqvðxÞ ¼ χq, with χu ¼ 2χp þ χn¼ 1.673 and
χd ¼ 2χnþ χp ¼ −2.033. The factors γu and γd are

FIG. 1. Comparison for xqðxÞ in the proton from LFHQCD (red
bands) and global fits: MMHT2014 (blue bands) [5], CT14 [6]
(cyan bands), and NNPDF3.0 (gray bands) [77]. LFHQCD
results are evolved from the initial scale μ0 ¼ 1.06'0.15 GeV.

FIG. 2. Difference between our PDF results and global fits.
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Parameter “a” is fixed 
by the first moment 
a = 0.531 ± 0.037

Evolved from the matching 
scale 1.06 ± 0.15 GeV

Red bands: the uncertainties of the matching scale and the parameter “a”.
G.F. de Téramond, TL, R.S. Sufian, H.G. Dosch, S.J. Brodsky, A. Deur, 
Phys. Rev. Lett. 120, 182001 (2018).
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we find qτðxÞ ∼ ð1 − xÞ2τ−3, which is precisely the Drell-
Yan inclusive counting rule at x → 1 [63–65], correspond-
ing to the form factor behavior at large Q2 (3).
From Eq. (10), it follows that the conditions (13) are

equivalent to f0ð1Þ ¼ 0 and f00ð1Þ ≠ 0. Since logðxÞ∼
1 − x for x ∼ 1, a simple ansatz for fðxÞ consistent with
(7), (11), and (13) is

fðxÞ ¼ 1

4λ

!
ð1 − xÞ log

"
1

x

#
þ að1 − xÞ2

$
; ð14Þ

with a being a flavor-independent parameter. From (10),

wðxÞ ¼ x1−xe−að1−xÞ
2
; ð15Þ

an expression that incorporates Regge behavior at small x
and inclusive counting rules at large x.
Nucleon GPDs.—The nucleon GPDs are extracted from

nucleon FF data [66–70] choosing specific x and t depend-
ences of the GPDs for each flavor. One then finds the best
fit reproducing the measured FFs and the valence PDFs. In
our analysis of nucleon FFs [56], three free parameters are
required: these are r, interpreted as an SU(6) breaking
effect for the Dirac neutron FF, and γp and γn, which
account for the probabilities of higher Fock components
(meson cloud) and are significant only for the Pauli FFs.
The hadronic scale λ is fixed by the ρ-Regge trajectory [28],
whereas the Pauli FFs are normalized to the experimental
values of the anomalous magnetic moments.
Helicity nonflip distributions: Using the results from [56]

for the Dirac flavor FFs, we write the spin nonflip valence
GPDs Hqðx; tÞ ¼ qðxÞ exp ½tfðxÞ&with

uvðxÞ ¼
"
2 −

r
3

#
qτ¼3ðxÞ þ

r
3
qτ¼4ðxÞ; ð16Þ

dvðxÞ ¼
"
1 −

2r
3

#
qτ¼3ðxÞ þ

2r
3
qτ¼4ðxÞ; ð17Þ

for the u and d PDFs normalized to the valence content of
the proton:

R
1
0 dxuvðxÞ ¼ 2 and

R
1
0 dxdvðxÞ ¼ 1. The PDF

qτðxÞ and the profile function fðxÞ are given by (9) and
(10), and wðxÞ is given by (15). Positivity of the PDFs
implies that r ≤ 3=2, which is smaller than the value r ¼
2.08 found in [56]. We shall use the maximum value
r ¼ 3=2, which does not change significantly our results
in [56].
The PDFs (16) and (17) are evolved to a higher

scale μ with the Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP) equation [71–73] in the M̄S scheme using
the HOPPET toolkit [74]. The initial scale is chosen at the
matching scale between LFHQCD and perturbative QCD
(pQCD) as μ0 ¼ 1.06'0.15 GeV [75] in the M̄S scheme at
next-to-next-to-leading order (NNLO). The strong cou-
pling constant αs at the scale of the Z-boson mass is set to

0.1182 [76], and the heavy quark thresholds are set with
M̄S quark masses as mc¼ 1.28 GeV and mb¼ 4.18 GeV
[76]. The PDFs are evolved to μ2 ¼ 10 GeV2 at NNLO to
compare with the global fits by the MMHT [5], CT [6], and
NNPDF [77] collaborations as shown in Fig. 1. The value
a¼ 0.531' 0.037 is determined from the first moment of
the GPD,

R
1
0 dxxH

q
vðx; t ¼ 0Þ ¼ Aq

vð0Þ from the global data
fits with average values Au

vð0Þ ¼ 0.261' 0.005 and
Ad
vð0Þ ¼ 0.109' 0.005. The model uncertainty (red band)

includes the uncertainties in a and μ0 [78]. We also indicate
the difference between our results and global fits in Fig. 2.
The t dependence of Hq

vðx; tÞ is illustrated in Fig. 3.
Since our PDFs scale as qðxÞ ∼ x−1=2 for small x, the
Kuti-Weisskopf behavior for the nonsinglet structure
functions F2pðxÞ − F2nðxÞ ∼ x½uvðxÞ − dvðxÞ&∼ x1=2 is
satisfied [79,80].
Helicity-flip distributions: The spin-flip GPDsEq

vðx; tÞ ¼
eqvðxÞ exp ½tfðxÞ&follow from the flavor Pauli FFs in [56]
given in terms of twist-4 and twist-6 contributions

eqvðxÞ ¼ χq½ð1 − γqÞqτ¼4ðxÞ þ γqqτ¼6ðxÞ&; ð18Þ

normalized to the flavor anomalous magnetic momentR
1
0 dxeqvðxÞ ¼ χq, with χu ¼ 2χp þ χn¼ 1.673 and
χd ¼ 2χnþ χp ¼ −2.033. The factors γu and γd are

FIG. 1. Comparison for xqðxÞ in the proton from LFHQCD (red
bands) and global fits: MMHT2014 (blue bands) [5], CT14 [6]
(cyan bands), and NNPDF3.0 (gray bands) [77]. LFHQCD
results are evolved from the initial scale μ0 ¼ 1.06'0.15 GeV.

FIG. 2. Difference between our PDF results and global fits.

PHYSICAL REVIEW LETTERS 120, 182001 (2018)

182001-3

see P. Barry’s talk
de Téramond, TL, Sufian, Dosch, Brodsky, Deur, 
Phys. Rev. Lett. 120, 182001 (2018).Universal gluon, extrinsic sea distibutions
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Nuclear modification of parton level structure & dynamics

Modification of parton momentum 
distributions of nucleons embedded in nuclei
• shadowing – depletion of low-momentum 
partons (gluons)
• coherence & dynamical shadowing 
• gluon saturation – e.g. color glass condensate, 
a specific/fundamental model of gluon 
saturation which gives shadowing in nuclei

800 GeV p-A (FNAL)   !A = !p*A"

PRL 84, 3256 (2000); PRL 72, 2542 (1994)

open charm: no A-dep

at mid-rapidity

= x
1
-x

2

Q = 2 GeV
5 GeV

10 GeV

Gluon shadowing

Gerland, Frankfurt, Strikman,

Stocker & Greiner (hep-ph/9812322)

Nuclear effects on parton “dynamics”
• energy loss of partons as they propagate 
through nuclei
• and (associated?) multiple scattering 
effects (Cronin effect)
• absorption of J/! on nucleons or co-
movers; compared to no-absorption for 
open charm production

Remarkably Strong Nuclear 
Dependence for Fast Charmonium

M. Leitch

 Violation of factorization in charm hadroproduction. 
P. Hoyer, M. Vanttinen (Helsinki U.) ,  U. Sukhatme (Illinois U., Chicago) . HU-TFT-90-14, May 1990. 7pp.  

 Published in Phys.Lett.B246:217-220,1990

Violation of PQCD Factorization!

d⇥
dxF

(pA� J/⇤X)

d⇥
dxF

(�A� J/⇤X)

xF

A2/3 component

A1 component

Fits conventional PQCD subprocesses

IC Explains large excess of quarkonia at large xF,  A-dependence
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NA3: Badier et al. 
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(pA! J/ X) / A2/3

Flat xF distribution explained by IC 



X

pp� p + J/� + p

pp� p + H + p

Also:

c
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Minimize LF energy denominator

pp� p + J/� + p

pp� p + H + p

Also:

c

c̄
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Minimize LF energy denominator

pp� p + J/� + p

pp� p + H + p

Also:

c

c̄

< xF >= 0.33

Minimize LF energy denominator

pp� p + J/� + p

pp� p + H + p

Also:

c

c̄

< xF >= 0.33

Minimize LF energy denominator

X R. Vogt, sjb 

Cannot be explained  
by Color Drag Model

Double Quarkonium Production at High xF
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% 

Fig. 3. The fi# pair distributions are shown in (a) and (c) for the 

pion and proton projectiles. Similarly, the distributions of J/$‘s 

from the pairs are shown in (b) and (d). Our calculations are 

compared with the n-N data at 150 and 280 GeV/c [ I]. The 

x++, distributions are normalized to the number of pairs from both 

pion beams (a) and the number of pairs from the 400 GeV proton 

measurement (c) The number of single J/e’s is twice the number 

of pairs. 

x+ = ~it,/pt,~a~ in Fig. 3. The +$ pair distributions 

are shown in Fig. 3(a) and 3(c) and the associated 

the single J/I) distributions in pair events are shown 

in Fig. 3(b) and 3(d) . Both are normalized to the 

data with the single J/r/ normalization twice that of 

the pair. 

4. Other tests of the intrinsic heavy quark 

mechanism 

The intrinsic charm model provides a natural expla- 

nation of double J/e hadroproduction and thus gives 

strong phenomenological support for the presence of 

intrinsic heavy quark states in hadrons. While the gen- 

eral agreement with the intrinsic charm model is quite 

good, the excess events at medium xlfi~l suggests that 

intrinsic charm may not be the only @$ QCD produc- 

tion mechanism present or that the model parameteri- 

zation with a constant vertex function is too oversim- 

plified. The x,++,+ distributions can also be affected by 

the A dependence. Additional mechanisms, including 

an update of previous models [ 3-71, will be presented 

in a separate paper [ 81. 

The intrinsic heavy quark model can also be used to 

predict the features of heavier quarkonium hadropro- 

duction, such as YY, Y$, and (6~) (Eb) pairs. Using 

fib = 4.6 GeV, we find that the single Y and YY pair 

x distributions are similar to the equivalent I,& distri- 

butions. The average mass, (MYY), is 21.4 GeV for 

pion projectiles and 21.7 GeV for a proton, a few GeV 

above threshold, 2my = 18.9 GeV. The xy@ pair distri- 

butions are also similar to the +@ distributions but we 

note that (xy) = 0.44 and (xe) = 0.30 from a l&fcCbb) 

configuration and (xy) = 0.39 and (x$) = 0.27 from 

a luudc&) configuration. Here (MY@) = 14.9 GeV 

with a pion projectile and 15.2 GeV with a proton, 

again a few GeV above threshold, my + rn+ = 12.6 

GeV. 

It is clearly important for the double J/+ measure- 

ments to be repeated with higher statistics and also at 

higher energies. The same intrinsic Fock states will 

also lead to the production of multi-charmed baryons 

in the proton fragmentation region. It is also interesting 

to study the correlations of the heavy quarkonium pairs 

to search for possible new four-quark bound states and 

final state interactions generated by multiple gluon ex- 

change [ 71. It has been suggested that such QCD Van 

der Waals interactions could be anomalously strong at 

low relative rapidity [ 22,231. 

There are many ways in which the intrinsic heavy 

quark content of light hadrons can be tested. More 

measurements of the charm and bottom structure func- 

tions at large XF are needed to confirm the EMC data 

[ 151. Charm production in the proton fragmentation 

region in deep inelastic lepton-proton scattering is sen- 

sitive to the hidden charm in the proton wavefunction. 

The presence of intrinsic heavy quarks in the hadron 

wavefunction also enhances heavy flavor production 

in hadronic interactions near threshold. More gener- 

ally, the intrinsic heavy quark model leads to enhanced 

open and hidden heavy quark production and leading 

particle correlations at high XF in hadron collisions 

with a distinctive strongly-shadowed nuclear depen- 

dence characteristic of soft hadronic collisions. 
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[ 121. For soft interactions at momentum scale CL, the 

intrinsic heavy quark cross section is suppressed by a 

resolving factor cc &2/m; [ 131. 

There is substantial circumstantial evidence for the 

existence of intrinsic CL! states in light hadrons. For ex- 

ample, the charm structure function of the proton mea- 

sured by EMC is significantly larger than predicted by 

photon-gluon fusion at large XBj [ 151. Leading charm 

production in TN and hyperon-N collisions also re- 

quires a charm source beyond leading twist [ 13,161. 

The NA3 experiment has also shown that the single 

J/$ cross section at large XF is greater than expected 

from gg and q?j production [ 171. Additionally, intrin- 

sic charm may account for the anomalous longitudi- 

nal polarization of the J/+4 at large XF [ 181 seen in 

?rN -+ J/+X interactions. 

Over a sufficiently short time, the pion can contain 

Fock states of arbitrary complexity. For example, two 

intrinsic CC pairs may appear simultaneously in the 

quantum fluctuations of the projectile wavefunction 

and then, freed in an energetic interaction, coalesce 

to form a pair of I,!J’s. We shall estimate the creation 
-- 

probability of ~~vcccc) Fock states, where nv = &I for 

7~- and nv = uud for proton projectiles, assuming that 

all of the double J/I,~ events arise from these configu- 

rations. We then examine the x+$ and invariant mass 

distributions of the $$ pairs and the x,,+ distribution 

for the single $‘s arising from these Fock states. 

2. Intrinsic charm Fock states 

The probability distribution for a general n-particle 

intrinsic CC Fock state as a function of x and kr is 

written as 

(1) 

where N,, normalizes the Fock state probability. In 

the model, the vertex function in the intrinsic charm 

wavefunction is assumed to be relatively slowly vary- 

ing; the particle distributions are then controlled by the 

light-cone energy denominator and phase space. This 

form for the higher Fock wavefunctions generalizes 

for an arbitrary number of light and heavy quark com- 

ponents. The Fock states containing charmed quarks 

can be materialized by a soft collision in the target 

which brings the state on shell. The distribution of 

produced open and hidden charm states will reflect the 

underlying shape of the Fock state wavefunction. 

The invariant mass of a c.? pair, M,, from such a 

Fock state is 

(2) 

where n = 4 and 5 is the number of partons in the 

lowest lying meson and baryon intrinsic CC Fock states. 

The probability to produce a J/(/I from an intrinsic 

CT state is proportional to the fraction of intrinsic ci? 

production below the Or, threshold. The fraction of 

CC pairs with 2m, < MC? < 2rno is 

The ratio fc~jr is approximately 15% larger than fc~iP 

for 1.2 < m, < 1.8 GeV. However, not all c?‘s pro- 

duced below the DB threshold will produce a final- 

state J/S. We include two suppression factors to es- 

timate J/q5 production, one reflecting the number of 

quarkonium channels available with McT < 2rno and 

one for the c and C to coalesce with each other rather 

than combine with valence quarks to produce open 

charm states. The “channel” suppression factor, s, z 

0.3, is estimated from direct and indirect J/$ produc- 

tion, including x1 and xz radiative and +’ hadronic 

decays. The combinatoric “flavor” suppression factor, 

of, is l/2 for a IEdcC) state and l/4 for a IuudcC) 

state. In Fig. 1 we show the predicted fraction of $‘s 

produced from intrinsic CC pairs, 

f@lh = s,sf.fE/h ) (4) 

as a function of m,. We take m, = I .5 GeV, suggesting 

f ur  M 0.03 and f e j p M 0.014. 

NA3 Data

πA! J/ψJ/ψX

µ2
R = CQ2

⌅(Q2) = C0 + C1�s(µR) + C2�2
s(µR) + · · ·

⇧ = 1
2x�P+

⇥p⌅ µ+µ�p

Oberwölz

All events have xF
⌃⌃ > 0.4 !

⇧(pp⌅ cX) ⇤ 1µb

Excludes `color drag’ model

R. Vogt, sjb 
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Production of a Double-Charm Baryon

X

SELEX  high xF < xF >= 0.33

pp ⌅ p + H + p

H, Z0, �b

b⌃ ⇤ 1/Q

Must have �Lz = ±1 to have nonzero F2

Use charge radius R2 = �6F ⇧1(0)

and anomalous moment ⇥ = F2(0)
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Double Intrinsic Charm Fock State of proton

|c3C [cd]3̄C [c̄c̄]3C [uu]3̄C >

p

|c3C [cd]3̄C >

c

d
c

Hadroproduction of  the Double-Charm Baryon at High XF 
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SLAC-PUB-17156

Resolving the SELEX–LHCb Double-Charm Baryon Conflict:

The Impact of Intrinsic Heavy-Quark Hadroproduction

and Supersymmetric Light-Front Holographic QCD

S.J. Brodsky1, S. Groote2 and S. Koshkarev2

1 SLAC National Accelerator Laboratory, Stanford University,

Stanford, California 94309, USA

2 Institute of Physics, University of Tartu, 51010 Tartu, Estonia

Abstract

In this paper we show that the intrinsic heavy-quark QCD mechanism for the

hadroproduction of heavy hadrons at large xF can resolve the apparent conflict be-

tween measurements of double-charm baryons by the SELEX fixed-target experiment

and the LHCb experiment at the LHC collider. We show that both experiments are

compatible, and that both results can be correct. The observed spectroscopy of

double-charm hadrons is in agreement with the predictions of supersymmetric light

front holographic QCD.ar
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• EMC data: c(x, Q2) > 30�DGLAP
Q2 = 75 GeV2, x = 0.42

• High xF pp⇤ J/�X

• High xF pp⇤ J/�J/�X

• High xF pp⇤ �cX

• High xF pp⇤ �bX

• High xF pp⇤ ⇥(ccd)X (SELEX)

Interesting spin, charge asymmetry, threshold, spectator effects
Important corrections to B decays; Quarkonium decays

Gardner, Karliner, sjb

Explain Tevatron anomalies: pp̄! �cX,ZcX

Rules out color drag 
(Pythia)

Evidence for IQ
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Why is Intrinsic Heavy Quark 
Phenomena Important?

•Test Fundamental QCD predictions OPE, Non-Abelian 
QCD

•Test non-perturbative effects

•Important for correctly identifying the gluon distribution

•High-xF open and hidden charm and bottom; discover 
exotic states

•Explain anomalous high pT charm jet + γ data at 
Tevatron

• Important source of high energy ν at IceCube

Non-Abelian: PQQ̄ / 1
M2

QQ̄

Abelian: PQQ̄ / 1
M4

QQ̄
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• IC Explains Anomalous �(xF ) not �(x2)
dependence of pA⇥ J/⌅X

(Mueller, Gunion, Tang, SJB)

• Color Octet IC Explains A2/3 behavior at
high xF (NA3, Fermilab)
(Kopeliovitch, Schmidt, So�er, SJB)

• IC Explains J/⌅ ⇥ ⇤⇥ puzzle
(Karliner, SJB)

• IC leads to new e�ects in B decay
(Gardner, SJB)

Color Opaqueness

Higgs production at xF = 0.8



Goldhaber, Kopeliovich, Schmidt, Soffer, sjb

H

Higgs can have > 80% of Proton Momentum!

Also: intrinsic strangeness, bottom, top

pp� HXp

p

c
c̄

g

New production mechanism for Higgs at the LHC

AFTER: Higgs production at threshold!

Intrinsic Heavy Quark Contribution  
to Inclusive Higgs Production



Figure 3: The cross section of inclusive Higgs production in fb, coming

from the nonperturbative intrinsic bottom distribution, at both LHC

(
√

s = 14 TeV, solid curve) and Tevatron (
√

s = 2 TeV, dashed curve)

energies.

that the cross section for inclusive Higgs production from intrinsic bottom is much

higher than the one coming from intrinsic charm. Although it is true that the Higgs-

quark coupling, proportional to mQ, cancels in the cross section with PIQ ∝ 1/m2
Q,

the matrix element between IQ and Higgs wave functions has an additional mQ factor.

This is because the Higgs wave function is very narrow and the overlap of the two

wave functions results in ΨQQ(0) ∝ mQ. Thus, the cross section rises as m2
Q, as we

see in the results.

We can compare our predictions for inclusive Higgs production coming from

IB with our previous ansatz for the Higgs production gluon-gluon fusion process

xdN/dx = 6(1 − x)5. At the maximum (xF = 0.9) of the IB curve we get a value of

roughly 50 fb, while there gluon-gluon gives 0.067 fb. Thus this high-xF region is the

ideal place to look for Higgs production coming from intrinsic heavy quarks.

We obtain essentially the same curves for Tevatron energies (
√

s = 2 TeV) , al-

though the rates are reduced by a factor of approximately 3.

We also show in Fig.4 the results for Higgs production coming from the perturba-

tive charm distribution. The magnitude of the production cross section is considerably

12

Intrinsic Heavy Quark Contribution  to 
High xF Inclusive Higgs Production

⌅ = t + z/c

d⇤
dxF

(pp ⇥ HX)[fb]

fb

⇥q ⇥ ��q

��

⇥

p
Goldhaber, Kopeliovich, 

Schmidt, Soffer, sjb

LHC :
�

s = 14TeV

Tevatron :
�

s = 2TeV

Need High xF Acceptance
Most practical: Higgs to 4 muons 



µ+

µ+

Beam envelope

Meters

Eµ+ = 1.75 TeV

M.Sullivan (preliminary)

Use LHC Magnetic Field as Downstream Muon Spectrometer

Measure exotic events  at 
SMOG@LHCb such as pA ! ⌥+ J/ X ! µ+µ�µ+µ�X

pp ! HX ! µ
+
µ
�
µ
+
µ
�
X



p p0

s̄
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d

D+
s (cs̄)

D�s (c̄s)

Look for D�s (c̄s) vs. D+
s (cs̄) asymmetry

Pomeron

c

c

Reflects s vs. s̄ asymmetry in proton |uudcc̄ss̄ > Fock LF state.
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Q̄

Intrinsic heavy quark probability in the nucleon maximal at minimum off-shellness

|Δy| < 2  

Quarkonium produced nearly at rest — has small rapidity  y < 2 in target rest frame

Ep = 6.5 TeV

J/ ,⌥

SMOG target at rest 

p
Q

g

pA ! J/ X
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Intrinsic heavy quark probability in the nucleon maximal at minimum off-shellness

|Δy| < 2  

Tetraquark produced nearly at rest — has small rapidity in target rest frame

Ep = 6.5 TeV

SMOG target at rest 
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Tetraquark

pA ! Tetraquark(|cuc̄d̄ >)X

d̄
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Intrinsic heavy quark probability in the nucleon maximal at minimum off-shellness

|Δy| < 2  

Produced nearly at rest — has small rapidity in target rest frame

Ep = 6.5 TeV

SMOG target at rest 

p

g

c̄

c

u
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A-1

Pentaquark

pA ! Pentaquark(|uudcc̄ >)X
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Charmonium Production at Threshold

J/ c

c̄

Form nucleon-charmonium bound state! |uudcc̄ >

p

Van der Waals  
attractive potential

n

[J/ n]

� d! [J/ p] n� d! [J/ n] p

d
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Intrinsic heavy quark probability in the nucleon maximal at minimum off-shellness

|Δy| < 2  

Produced nearly at rest — has small rapidity in target rest frame

Ep = 6.5 TeV

SMOG target at rest 
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Two(parBcle(correlaBons:(CMS(results(

�Discovery� 

!  Ridge: Distinct long range correlation in η collimated around ΔΦ≈ 0 
                  for two hadrons in the intermediate 1 < pT, qT < 3 GeV   

Raju Venugopalan
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Possible origin of same-side CMS ridge in p p Collisions

Bjorken, Goldhaber, sjbThe key point is that a multi-particle correlation should give a much more conspicuous signal

than the two-particle correlation used so far in the experimental analysis, but of course only

in that small fraction of the events where the prerequisite conditions of coincidence of narrow

strings in the projectile and target are in fact obtained. To be specific, we suggest looking at

the following vector ~V , computing its magnitude for each event. If the number of events with

large magnitude are greater than expected from chance, one would have powerful evidence

for the proposed colliding flux tube mechanism. Define

~V =
NX

i=1

[cos 2�ix̂+ sin 2�iŷ] , (1)

and obtain the distribution of ~V 2. If the particles were distributed randomly in �, then the

expectation value of ~V
2 would be N , where N is the number of particles in the event in

the given region of transverse momentum. The probability of getting a value N
2 may be

estimated by introducing quadrants in the variable 2�: Assume each vector can take only

the values ±x̂ or ±ŷ, with each having a probability 1/4. Suppose the first vector is +x̂.

Then the chance that the remainder would all be in the same direction would be (1/4)N�1.

For N = 5, this would yield a probability 1/256. If, among events in which the ridge was

seen, with more than 110 particles per event, and 5 particles separated from each other by

about one unit in �⌘ in an interval of p? between 1 and 2 GeV/c, as many as 2% of the

events should show ~V
2 ⇡ 25, that could be evidence for the kind of correlation we suggest.

This exercise is equivalent to asking the probability – assuming complete randomness in � –

that all 5 particles are in either of two opposite octants of �. If they were more collimated

than that, the probability would be even smaller.

It is likely that insistence on rapidity separation of emerging particles by one unit is

unnecessary: If there were only short-range correlations, then the value of ~V
2 inevitably

would lie far below its allowed maximum. Thus counting all particles in each event in the

specified range of transverse momentum, regardless of rapidity separation, should give a

reliable measure of the correlation. Technically, ~V is just the square of the usual ellipticity

variable. An advantage of squaring is that maximal ellipticity events are easy to pick out.

Also, it is easier to think about such a scalar variable rather than a vector variable.

At this point let us take a step back to gain perspective on what could cause such

phenomena. Obviously projectile and target must overlap in impact parameter to some

extent. Dynamics, in the form of conservation of momentum or of attraction of outgoing

6
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We suggest that this “ridge”-like correlation may be a 
reflection of the rare events generated by the collision of 
aligned flux tubes connecting the valence quarks in the wave 
functions of the colliding protons. 

The “spray” of particles resulting from the approximate line 
source produced in such inelastic collisions then gives rise to 
events with a strong correlation between particles produced 
over a large range of both positive and negative rapidity. 

Possible multiparticle ridge-like 
correlations in very high multiplicity 
proton-proton collisions

Bjorken, Goldhaber, sjb
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I. INTRODUCTION

High-energy collisions of charged particles such as pp ultra-peripheral collisions (UPC) p1p2 ! p01p
0
2X at LHC

proceed through a collision of photons [1]. The photons are capable of turning into quark-anti-quark pairs. A quark
and an anti-quark in a pair are connected by a string of gluons. The collision picture we have in mind is illustrated in
Fig. 1, where the photons �1 and �2, emitted elastically by protons p1 and p2, produce the pairs of quarks q1q̄1 and

FIG. 1: Elastic emission of virtual photons in the proton-proton ultra-peripheral collision p1p2 ! p10p20X proceeds through a
collision of two gluon strings S1 and S2. The parts of strings that collide with each other produce the final multi-particle state
X.

q2q̄2. The pairs span the gluon strings S1 and S2. The final state X emerges as a result of the collision of strings S1

and S2, analogous to a collision of strings between a quark and a diquark in central collisions of protons [2]. Figure 2
illustrates the kind of estimates made here for string collisions in terms of the multiplicity N(�)/N(0) and elliptic
flow v2(�)/v2(0) in the final state X as functions of the angle � between the planes (p1, p01) and (p2, p02) defined by the
direction of the proton beam and the directions of the two final proton three-momenta ~p 0

1 and ~p 0
2 in laboratory. The

figure shows an example of estimate obtained using Eqs. (6) and (7). Examples like this suggest that the azimuthal
variation of multiplicity and elliptic flow in pp UPC can be used to study properties of gluonic strings in LHC.

Our method for calculating curves of the type shown in Fig. 2 uses Hamiltonian dynamics in quantum field theory
in approximation of very large beam momentum and a geometrical picture for a collision of strings. The strings seen
along the proton beam form certain shapes, see Fig. 3, on the plane transverse to the beam. This plane is called below
the transverse plane (TP). The string shape in the TP corresponds to the string stretched in space along the vector ~r
that extends from the anti-quark to quark in the string rest frame (SRF). When the string moves very fast along the
proton beam, its shape in the TP is seen in the laboratory as built around a two-dimensional vector ~rT that forms
the transverse part of ~r = (rx,~rT ). The component rx corresponds to the beam direction in the frame of reference
that we work with; its x-axis is chosen along the beam. The collision of strings S1 and S2 proceeds via interaction of
partons in the region of overlap of the string shapes on the TP, illustrated in Fig. 4.

Concerning the length and width of gluonic strings or flux tubes, we assume that the typical time needed by a
string to reach its full width is longer than the time of stretching a string by quarks. This is in agreement with
the flux-tube knot model assumption [3, 4] that the relaxation of a topologically non-trivial string configuration to
a tight-knot state configuration is faster than the configuration decay rate. In the same spirit, we assume that the

Ridges correlate with scattering plane of proton!

Collisions of Aligned Flux Tubes produce high multiplicity events 

Brown, Glazek, Goldhaber, sjb
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Novel QCD

• Flavor-Dependent Anti-Shadowing; 

• No nuclear structure function sum rules

• LF Vacuum and Cosmological Constant:  No QCD vacuum 
condensates

• Principle of Maximum Conformality (PMC): Eliminate 
renormalization ambiguity; scheme independent

• Match Perturbative and Non-Perturbative Domains 

• Hadronization at Amplitude Level

• Intrinsic Heavy Quarks from AdS/QCD: Higgs at high xF

• Ridge from Flux-Tube Collisions

• Baryon-to-Meson Anomaly at high PT



9th Summer School in Theoretical Physics, Chongqing, Matin Mojaza

The Running Coupling in QED 

- Vertex- and wavefunction renormalization cancel exactly in QED due to the 
Ward-Takahashi identity - the running coupling is physical!

- Independent of the initial renormalization scale

- Obeys renormalization group properties;
renormalization scheme- and scale-invariance, transitivity, etc...

- The argument of the running coupling is the ‘final scale’ that resums all non-
conformal terms; a function of scheme and renormalization scale

{ci}

a(τ, {ci})

τ

A

B

C

D

E F

- Resummed perturbative QED = dressed 
skeleton expansion; 

- the perturbative coefficients are those of the 
would-be conformal theory

- Let’s give this lesson a name so we don’t forget:
The Principal of Maximum Conformality

S.J. Brodsky, X.-G. Wu; Phys.Rev. D86 (2012) 054018, [arxiv:1208.0700]

PHYSICAL REVIEW D VOLUME 28, NUMBER 1 1 JULY 1983

On the elimination of scale ambiguities in perturbative quantum chromodynamics

Stanley J. Brodsky
Institute for Advanced Study, Princeton, New Jersey 08540

and Stanford Linear Accelerator Center, Stanford Unioersity, Stanford, California 94305*

G. Peter Lepage
Institute for Aduanced Study, Princeton, New Jersey 08540

and Laboratory ofNuclear Studies, Cornell Unioersity, Ithaca, New York I4853*

Paul B.Mackenzie
Fermilab, Batavia, Illinois 6D51D
(Received 23 November 1982)

We present a new method for resolving the scheme-scale ambiguity that has plagued perturbative
analyses in quantum chromodynamics (QCD) and other gauge theories. For aphelian theories the
method reduces to the standard criterion that only vacuum-polarization insertions contribute to the
effective coupling constant. Given a scheme, our procedure automatically determines the coupling-
constant scale appropriate to a particular process. This leads to a new criterion for the convergence
of perturbative expansions in QCD. We examine a number of well known reactions in QCD, and
find that perturbation theory converges well for all processes other than the gluonic width of the Y.
Our analysis calls into question recent determinations of the QCD coupling constant based upon Y
decay.

I. INTRODUCTION the for orthopositronium is much

Physics Letters B 279 (1992) 352-358 
North-Holland PHYSICS LETTERS B 

On some possible extensions 
of the Brodsky-Lepage-Mackenzie approach 
beyond the next-to-leading order 
G. Grunberg  
Centre de Physique Theorique, Ecole Polytechnique, F-91128 Palaiseau, France 

and 

A.L. Kataev 1 
Randall Laboratory of Physics, University of Michigan. Ann Arbor, M148109-1120, USA 

Received 20 May 1991; revised manuscript received 20 January 1992 

Noting that the choice of  renormalization point advocated by Brodsky, Lepage and Mackenzie ( BLM ) is the flavor independent 
prescription which removes all f-dependence from the next-to-leading order coefficients, we consider the possible generalization 
which requires all higher order coefficients ri to be f-independent constants r,*. We point out that in QCD, setting ri= r,* is always 
possible, but leaves us with an ambiguous prescription. We consider an alternative possibility within the framework of  the BLM 
approach and apply the corresponding prescription to the next-to-next-to-leading approximation of trtot(e+e - ~hadrons)  in QCD. 
The analogous questions and the special features of the BLM and effective charge approaches in QED are also discussed. 

PHYSICAL REVIEW D VOLUME 51, NUMBER 7 1 APRIL 1995

Commensurate scale relations in quantum chromodynamics

Stanley J. Brodsky
Stanford Linear Accelerator Center, Stanford University, Stanford, California 9)909

Hung Jung Lu*
Department of Physics, University of Maryland, College Park, Maryland 20742

(Received 4 May 1994)

We use the BLM method to relate perturbatively calculable observables in +CD, including the
annihilation ratio R +, , the heavy quark potential, and radiative corrections to structure function
sum rules. The commensurate scale relations connecting the effective charges for observables A and
B have the forin cry(Qq) = nor(Qg) (1+regis —P + ), where the coefficient rqg~ is independent
of the number of ffavors f contributing to coupling constant renormalization. The ratio of scales
Qz/Qir is unique at leading order and guarantees that the observables A and B pass through new
quark thresholds at the same physical scale. We also show that the commensurate scales satisfy the
renormalization group transitivity rule which ensures that predictions in PQCD are independent of
the choice of an intermediate renormalization scheme C. In particular, scale-Axed predictions can
be made without reference to theoretically constructed renormalization schemes such as MS. +CD
can thus be tested in a new and precise way by checking that the observables track both in their
relative normalization and in their commensurate scale dependence. The generalization of the BLM
procedure to higher order assigns a different renormalization scale for each order in the perturbative
series. The scales are determined by a systematic resummation of running coupling constant effects.
The application of this procedure to relate known physical observables in +CD gives rather simple
results. In particular, we find that up to light-by-light-type corrections all terms involving (s,
and m in the relation between the annihilation ratio R + and the Bjorken sum rule for polarized
electroproduction are automatically absorbed into the renormalization scales. The final series has

Scale setting using the extended renormalization group and the principle of maximum
conformality: The QCD coupling constant at four loops

Stanley J. Brodsky1,* and Xing-Gang Wu1,2,†

1SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, California 94025, USA
2Department of Physics, Chongqing University, Chongqing 401331, China

(Received 30 November 2011; published 22 February 2012)

A key problem in making precise perturbative QCD predictions is to set the proper renormalization

scale of the running coupling. The extended renormalization group equations, which express the

invariance of the physical observables under both the renormalization scale- and scheme-parameter

transformations, provide a convenient way for estimating the scale- and scheme-dependence of the

physical process. In this paper, we present a solution for the scale equation of the extended renormal-

ization group equations at the four-loop level. Using the principle of maximum conformality (PMC)/

Brodsky-Lepage-Mackenzie (BLM) scale-setting method, all nonconformal f!ig terms in the perturbative

expansion series can be summed into the running coupling, and the resulting scale-fixed predictions are

independent of the renormalization scheme. The PMC/BLM scales can be fixed order-by-order. As a

useful reference, we present a systematic and scheme-independent procedure for setting PMC/BLM scales

up to next-to-next-to-leading order. An explicit application for determining the scale setting of Reþe"ðQÞ
up to four loops is presented. By using the world average "MS

s ðMZÞ ¼ 0:1184 & 0:0007, we obtain the

asymptotic scale for the ’t Hooft scheme associated with the MS scheme, !0tH
MS

¼ 245þ9
"10 MeV, and the

asymptotic scale for the conventional MS scheme, !MS ¼ 213þ19
"8 MeV.
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Review

The renormalization scale-setting problem in QCD
Xing-Gang Wua,⇤, Stanley J. Brodskyb, Matin Mojazab,c

a Department of Physics, Chongqing University, Chongqing 401331, PR China
b SLAC National Accelerator Laboratory, Stanford University, CA 94039, USA
c CP3-Origins, Danish Institute for Advanced Studies, University of Southern Denmark, DK-5230, Denmark

a r t i c l e i n f o

Keywords:
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QCD

a b s t r a c t

A key problem in making precise perturbative QCD predictions is to set the proper renor-
malization scale of the running coupling. The conventional scale-setting procedure assigns
an arbitrary range and an arbitrary systematic error to fixed-order pQCD predictions. In
fact, this ad hoc procedure gives results which depend on the choice of the renormaliza-
tion scheme, and it is in conflict with the standard scale-setting procedure used in QED.
Predictions for physical results should be independent of the choice of the scheme or other
theoretical conventions. We review current ideas and points of view on how to deal with
the renormalization scale ambiguity and show how to obtain renormalization scheme-
and scale-independent estimates.We begin by introducing the renormalization group (RG)
equation and an extended version, which expresses the invariance of physical observ-
ables under both the renormalization scheme and scale-parameter transformations. The
RG equation provides a convenient way for estimating the scheme- and scale-dependence
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PMC: Principle of Maximum Conformality



Small value of  renormalization scale  increases 
asymmetry, just as in QED
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Xing-Gang Wu, sjb

Interferes with Born term. 
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Implications for the p̄p! tt̄X asymmetry at the Tevatron



The Renormalization Scale Ambiguity for Top-Pair Production  
Eliminated Using the ‘Principle of Maximum Conformality’ (PMC)

Xing-Gang Wu  
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and range

Experimental  
asymmetry

PMC Prediction

Top quark forward-backward asymmetry predicted by pQCD NNLO 
within 1 σ of CDF/D0 measurements using PMC/BLM scale setting 
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Why is IQ Important for Flavor Physics?

• New perspective on fundamental nonperturbative hadron 
structure 

• Charm structure function at high x 

• Dominates high xF charm and charmonium production 

• Hadroproduction of new heavy quark states such as ccu, ccd, 
bcc, bbb, at high xF 

• Intrinsic charm -- long distance contribution to penguin 
mechanisms for weak decay                Gardner, sjb 

•                                                 BES puzzle explained              Karliner , sjb 

• Novel Nuclear Effects from color structure of IC, Heavy Ion 
Collisions 

• New mechanisms for high xF Higgs hadroproduction 

• Dynamics of b production: LHCb  

• AFTER LHCb: Fixed target program at LHC:  produce exotic 
heavy quark states

J/ ! ⇢⇡

New Multi-lepton Signals
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